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Abstract 23 
Very little has been reported comparing resistance to coccidiosis in fast or slow growing broilers, 24 
the latter of which are becoming more prevalent in the broiler industry. We examined mRNA 25 
expression in the intestines of fast and slow growing broilers following Eimeria infection. 26 
We show that by day 13 post infection (d pi) with 2500 or 7000 oocysts of E. maxima, slower 27 
growing (Ranger Classic) broilers significantly (P <0.01) up-regulated expression of 28 
proinflammatory cyclooxygenase genes (LTB4DH, PTSG1 and PTSG2) above that detected in 29 
fast growing (Ross 308) broilers.  Expression of CD8α mRNA was down-regulated in Ross 308 30 
at day 6d pi with either 2500 or 7000 oocysts of E. maxima (P <0.05), compared to uninfected 31 
controls, but was not differentially expressed in Ranger Classic.  CD4 genes were not 32 
differentially expressed in either chicken line infected with either infectious oocyst dose at d6 pi, 33 
compared to uninfected controls. However, at d13 pi, CD4 expression was significantly up-34 
regulated in both chicken lines infected with either infectious oocyst, compared to uninfected 35 
controls (P< 0.05) but this was significantly greater in Ranger Classic broilers compared to Ross 36 
308 (P <0.05).  At d13 pi, expression of CD3 chains (required for T lymphocyte activation) were 37 
significantly increased in Ranger Classic compared to Ross 308 infected with either oocyst dose 38 
(P <0.05-0.01). Expression of IL-2 and IL-15 mRNA, required for T lymphocyte proliferation, 39 
was also significantly up-regulated, or maintained longer, in Ranger Classic broilers compared to 40 
Ross 308.  These differences in immune response to E. maxima corresponded with a reduction in 41 
E. maxima genome detected in the intestines of Ranger Classic compared to Ross 308. 42 
 43 
 44 
  45 
 46 
1.0 Introduction 47 
 48 
     Coccidiosis of chickens causes an estimated $3 billion economic loss globally and 49 
significantly impacts on attempts to increase global poultry production (1-2).  Economic loss in 50 
the broiler industry results from reduced feed intake, feed conversion and the cost of treatment 51 
(3-6). Control of coccidiosis in poultry flocks currently requires strict husbandry, the use of anti-52 
coccidial drugs and vaccination (7,1,2,8). However, significant resistance to anti-coccidial drugs 53 
has been reported (9,10,8) and current concerns over antimicrobial resistance in the human food 54 
chain (11) is leading to reduction in metaphylactic antibiotic usage.  Although immunity to 55 
Eimeria in chickens is long lasting, vaccination against Eimeria requires multiple live attenuated 56 
species and strains in order to overcome antigenic variation and ensure immune recognition of 57 
these (12-15).  Furthermore, different strains of the same Eimeria species can induce varying 58 
degrees of pathology (7,16) and strain-specific immune responses (17).  59 
     In contrast to the knowledge accrued regarding immune response to different Eimeria spp or 60 
strains, relatively little is known about whether the genetic background of chickens affects the 61 
immune response to Eimeria infection.  This knowledge could provide an additional tool against 62 
coccidiosis by selecting genetic lines with high responding immune phenotypes. This was 63 
highlighted by Swaggerty et al., (2015) (18) who reported that chicken genotypes which produce 64 
high levels of IL-6, CXCLi2 and CCLi2 in response to E. tenella infection have reduced lesional 65 
scores in the caeca.  In Europe, although fast growing broiler genotypes are commonly used in 66 
poultry production, the use of slower growing genotypes is beginning to emerge (19-21). 67 
However, nothing has been reported regarding immune phenotypes in fast and slow growing 68 
broilers in response to Eimeria infection, which may determine whether fast or slow growing 69 
broilers may differ in their underlying resistance to Eimeria. 70 
    The aim of the study we report here was to investigate the immune response of fast growing 71 
(Ross 308) and slow growing (Ranger Classic) broilers to E. maxima infection and to compare 72 
their relative potential for resistance to coccidiosis. 73 
 74 
2.0 Materials and methods 75 
 76 
2.1 Broiler chickens  77 
Fast growing (Ross 308) and slow growing (Ranger Classic) broilers were investigated in this 78 
study.   Seventy two male day-old chicks of a fast growing line (Ross 308), and an equal number 79 
of a slow growing line (Ranger Classic), originating from a breeding station, were housed in a 80 
windowless, thermostatically controlled room in 24 circular pens with a diameter of 1.2 m (1.13 81 
m2). There was ad libitum access to feed and water throughout the trial.  Both bird lines received 82 
the same diets, which were a starter (d1-10) and a grower (d11-26) commercial type, wheat-83 
based diets with soybean as a protein source; the diets were manufactured according to Aviagen 84 
nutrition specifications (22) to meet the nutrient requirement for each stage of growth. E. maxima 85 
is one of the commonest species of Eimeria to cause coccidiosis in chickens (23). Birds were 86 
orally inoculated at 13 days of age (experimental day 0) with a single dose of H2O (0.5 ml) 87 
(control group), 2,500 (low-dose group), or 7,000 (high-dose group) sporulated E. maxima 88 
oocysts of the Weybridge laboratory reference strain. Bird weight and pen feed intake were 89 
measured at 1 and 13 days of age and from days 0-13 post-infection.  90 
Sampling points were determined by previous studies; which have shown that Cytokine response 91 
begins to peak at around for d3-4 pi, at the predilection site for E.maxima, and subsides by d10 92 
pi; with some sets of cytokines being upregulated at early stages of the infection (i.e pro-93 
inflammatory) and others later during the infection period (i.e anti-inflammatory) (15, 24, 25) 94 
which coincide with the initiation of anorexia (26). Parasite genome copy number peaks between 95 
d5-6 (2,27), and oocyst production is maximized between d6 and d7 pi (28).  The infection 96 
protocol consisted of 3 treatments (uninfected, 2500, 7500) replicated 4 times with 6 birds per 97 
replicate (n= 72) for each broiler genome. On day 6 and day 13 post-infection, a randomly 98 
selected bird from each pen were culled and necropsied. All procedures were conducted under 99 
the UK Animals (Scientific Procedures) Act 1986 and were approved by the Animal Welfare and 100 
Ethical Review Body (AWERB) of Newcastle University.  101 
2.2 Tissue preparation 102 
Intestinal sampling was established by a standard operating procedure (SOP) provided by the 103 
University of Nottingham (available on request) adopted by Newcastle University. A 104 
comparative 2cm section was removed from the upper small intestine of all chickens.   Following 105 
necropsy, samples were immediately placed in 5 ml of RNAlater® (Life Technologies, Carlsbad, 106 
California, USA). Samples were then dispatched to the University of Nottingham and stored at -107 
20 °C until further use. Approximately 30 mg of tissue was then homogenised using 5mm steel 108 
beads with a TissueLyserII (Qiagen GmbH, Hilden, Germany). Total RNA extraction was then 109 
performed with the RNeasy Fibrous Tissue Mini Kit on a QIAcube (Qiagen) following the 110 
manufacturer’s recommendations. Total RNA was then quantified using a Nanodrop 8000 111 
spectrophotometer (Thermo scientific, Waltham, Massachusetts, USA).  112 
2.3 Genomic sequencing 113 
We hypothesised that there would be a difference in the gene response of fast and slow growing 114 
broilers to Eimeria infection. We therefore used a genomic microarray to examine the global 115 
genomic response in intestinal tissue samples from fast growing (Ross 308) broilers infected 116 
with 7000 oocysts from E. maxima at 6 dpi (an infectious dose and time point shown to induce 117 
differential gene expression compared to uninfected controls in preliminary experiments). We 118 
then used this data to compare the expression of genes of interest in both Ross 308 and Ranger 119 
Classic (slow growing) broilers by PCR.  Custom Agilent 4x44 K microarrays based on the V2 120 
Chicken Gene Expression Array (Agilent Technologies, Santa Clara, California, USA), similar to 121 
those previously reported (29-30) were used for the microarray hybridisation. Five samples each 122 
of healthy and infected birds were processed for hybridisation using the Agilent Low Input 123 
Quick Amp Labelling protocol. Briefly an Agilent RNA Spike-In Kit, One Colour was used to 124 
spike each sample with RNA. The Spike Mix was diluted with Dilution Buffer prior to spiking 125 
samples.  126 
Each sample (10-200 ng) was added to a final volume of 1.5 µl in a 1.5 ml microcentrifuge tube, 127 
which was spiked with 2 µl of the RNA spike mix; prior to the addition of T7 primer (0.8 µl) and 128 
nuclease-free water (1.0 µl) to achieve a final volume of 5.3 µl. The primer and template were 129 
then denatured by incubating the reaction at 65 °C in a Bioshake iQ (Quantifoil Instruments 130 
GmbH, Jena, Germany) for 10 minutes. The samples were then placed on ice, during which the 131 
cDNA master mix comprising 2 µl First Strand Buffer, 1 µl 0.1 M DTT, 0.5 µl 10mM dNTP and 132 
1.2 µl Affinity Script RNase Block Mix was made.  cDNA master mix (4.7µl) was then added to 133 
each sample so that each tube contained 10 µl. The samples were then incubated at 40 °C for 2 134 
hours after which they were incubated at 70 °C for 15 minutes. Samples were then placed on ice, 135 
during which the Transcription master mix comprising 0.75 µl nuclease-free water, 3.2 µl 5x 136 
Transcription Buffer, 0.6 µl 0.1 M DTT, 1µl NTP Mix, 0.21µl T7 RNA Polymerase Blend and 137 
0.24 µl Cyanine 3-CTP was made. Transcription master mix (6 µl) was then added to each 138 
sample which was then incubated in the Bioshake iQ at 40 °C for 2 hours. Following the 139 
labelling process, the mRNA samples were purified with a Qiagen RNeasy Mini Kit following 140 
the manufacturer’s recommendations.  141 
After purification, the protocol One-Colour Microarray-Based Gene Expression Analysis (Quick 142 
Amp Labelling) with Tecan HS Pro Hybridisation was used. Briefly, 1.6 µg of cyanine 3-143 
labelled cRNA up to a total volume of 22.8 µl was added to 6µl 10x Blocking Agent and 1.2 µl 144 
Fragmentation Buffer, nuclease-free water can be added if necessary if the cRNA is 145 
concentrated. This was incubated at 60 °C for 30 minutes to fragment the RNA. After 146 
incubation, 30 µl of 2x GE Hybridisation Buffer HI-RPM was added to stop the fragmentation 147 
reaction. The Tecan HS Pro hybridisation station (Tecan, Männedorf, Switzerland) was then set 148 
up with Pre-hybridisation buffer, wash buffers 1 and 2 and a bottle of distilled H20 for rinsing. 149 
The Gene Expression programme was followed which includes 6 steps beginning with a wash 150 
with Pre-hybridisation Buffer at 65 °C, followed by sample injection of 55 µl. Hybridisation 151 
occured over a 17 hour period at 65 °C. The arrays were then washed to remove unbound sample 152 
with wash buffer 1 at room temperature then were washed again with Wash buffer 2 at 37 °C. 153 
The arrays were then dried for 2 minutes at 30 °C. The arrays were removed from the Tecan HS 154 
Pro hybridisation station and scanned using a GenePix 4000B Microarray scanner. GeneSpring 155 
GX13 software (Agilent Technologies) was used to qualify and normalise image analysis data 156 
and to determine the fold changes in gene expression. Gene pathway analysis was performed 157 
using Ingenuity® Pathway Analysis (IPA®) (Qiagen, Hilden, Germany) and Cytoscape analysis 158 
(Agilent Technologies).  159 
An asymptotic t-test analysis with p-value < 0.05 was performed to analyse the significance 160 
between the infected and uninfected groups. To generate a signal ratio, the signal values from 161 
chickens with coccidiosis were divided by values from uninfected negative controls.  162 
2.4 Quantitative PCR (qPCR) of host genes 163 
qPCR analysis was used to validate our microarray analysis of the eicosanoid/prostaglandin 164 
pathways in Ranger Classic broilers and to compare this and the cellular and cytokine response 165 
of both Ranger Classic and Ross 308 broilers to infection with 2500 oocysts and 7000 oocysts at 166 
6 and 13 dpi. qPCR was also used to compare cytokine and cluster of differentiation (CD) gene 167 
expression in both genotypes with the same infectious doses at these time points. Primer and 168 
probe design was based upon sequences available from public databases (Shown in Table 1). To 169 
determine the fold change in these genes of interest a reference gene was used to act as a baseline 170 
from which a ratio of infected/control could be obtained. The reference gene used in this study 171 
was the 18srRNA gene. Eight biological replicates of healthy and infected birds were used for 172 
qPCR, and each sample was run in triplicate. RNA samples were reverse transcribed using the 173 
Applied Biosystems High Capacity cDNA Reverse Transcriptase Kit. A master mix composed of 174 
2.0 µl 10xRT buffer, 0.8 µl 25x dNTP Mix (100mM), 2.0 µl 10x RT random primers, 1.0 µl 175 
MultiScribe™ Reverse Transcriptase and 4.2 µl nuclease-free H20 was added to 10µl of RNA 176 
sample. An Applied Biosystems 2720 thermal cycler (Applied Biosystems, Foster City, 177 
California, USA) was then programmed for the following conditions; 10 minutes at 25°C, 120 178 
minutes as 37 °C, 5 minutes at 85 °C followed by a holding temperature of 4°C. The resulting 179 
cDNA concentration was then quantified using a nanodrop. A qPCR reaction was then 180 
performed using the Applied Biosystems™ TaqMan™ Fast Advanced Master Mix. Briefly 5.0 181 
µl of TaqMan® Fast Advanced Master Mix (2x), 0.25 µl forward primer (10mM), 0.25 µl 182 
reverse primer (10mM), 0.1 µl probe (10mM), 3.4 µl nuclease-free water and 1.0 µl of cDNA 183 
(1pg-100 ng) were mixed in a final volume of 10µl. For qPCR, a Roche LightCycler® 480 was 184 
used with the following protocol; 2 minutes at 50 °C, 20 seconds at 95 °C, then 40 cycles of 3 185 
seconds at 95 °C, and 30 seconds at 60 °C. Analysis of the fold change between genes was 186 
performed using the Pfaffl’s method (31) and the standard deviation (SD) was calculated using 187 
the comparative Ct method. 188 
2.5 Quantification of E. maxima DNA   189 
Quantification of E. maxima DNA was performed via qPCR to detect expression of the 190 
microneme 1 (MIC1) gene using primers and conditions reported by Blake et al., (2006) (32). 191 
Briefly, PCR conditions consisted of denaturing at 95 0C for 1 minute (1 cycle), followed by 192 
denaturing at 95 0C for 15 seconds (40 cycles) and annealing/extension at 60 0C for 30 seconds. 193 
2.6 Statistical analysis 194 
Students t-tests were performed to statistically analyse differences between mean Ct values from 195 
infected and control chickens, using Graph Pad Prism software licensed to the University of 196 
Nottingham. Statistical significance was measured at the 5% confidence limit (P = 0.05). 197 
 198 
3.0 Results 199 
 200 
3.1 Genomic microarray analysis of intestinal tissue from Ross 308 broilers infected with E. 201 
maxima 202 
In total, 1083 genes were differentially expressed in the intestines of Ross 308 broilers 203 
 infected with 7000 oocysts of E. maxima at 6 dpi (Table 2A). 83 % of genes were up-regulated 204 
and many of these were involved in cellular and metabolic functions. Twenty six gene ontology 205 
pathways were affected by differential gene expression and twelve of these concerned the 206 
biosynthesis and metabolism of fatty acid pathways, essential for the production of eicosanoids 207 
such as prostaglandins, prostanoids and leukotrienes (Table 2B).  The multi-dimensional 208 
interaction of these gene pathways is shown in the Cytoscape analysis (Fig 1A).  Comparison 209 
between expression of genes involved in fatty acid oxidation (required for synthesis and 210 
metabolism of eicosanoids) with other gene pathways (not associated with eicosanoid synthesis) 211 
differentially expressed by E. maxima infection are shown in Fig 1B.   212 
3.2 Comparison of eicosanoid gene expression in slower growing (Ranger Classic) and fast 213 
growing (Ross 308) broilers infected with E. maxima 214 
qPCR analysis showed that of the leukotriene genes we measured, only LTB4DH was 215 
differentially expressed. This was significantly up-regulated in Ross 308 on d6 and d13 pi with 216 
either 2500 or 7000 oocysts (P <0.05), and also in Ranger classic broilers on d6 and d13 pi with 217 
either 2500 or 7000 oocysts (P <0.01) compared to uninfected controls (Fig 2A-D). However, 218 
LTB4DH expression was significantly increased in Ranger Classic broilers, above expression in 219 
Ross 308, on d13 pi with both 2500 and 7000 oocysts (P <0.01) (Fig 2C-D). Furthermore, 220 
PTSG1 (COX 1) and PTSG2 (Cox 2) genes were significantly up-regulated (P <0.05) in Ranger 221 
Classic broilers at d13 pi with either 2500 or 7000 oocysts but were not differentially expressed 222 
in Ross 308 broilers (Fig 2C-D) compared to uninfected controls.   223 
3.3 Expression of Lymphocyte isotype markers and signalling molecules are increased in 224 
slower growing (Ranger Classic) broilers infected with E. maxima 225 
Expression of characteristic lymphocyte recognition molecules were also differentially expressed 226 
in the two lines following E. maxima infection.  At d6 pi with 2500 or 7000 oocysts, CD4 was 227 
not differentially expressed in the intestines of either broiler line. However, at d13 pi, expression 228 
of CD4 in the intestines of Ross 308 broilers was significantly up-regulated (P < 0.05) with 229 
either 2500 (Fig 3C) or 7000 oocysts, compared to uninfected controls (Fig 3D). CD4 expression 230 
was also significantly up-regulated in Ranger Classic broilers at d13 pi and this was also 231 
significantly increased above that measured in Ross 308, with 2500 oocysts (P <0.01) (Fig 3C) 232 
or 7000 oocysts (P <0.05) (Fig 3D).  CD8α was significantly down-regulated (P <0.05) in Ross 233 
308 broilers at d6 pi with either 2500 oocysts (Fig 3A) or 7000 oocysts (Fig 3B) compared to 234 
uninfected controls but was not differentially expressed in the intestines of Ranger Classic 235 
broilers (Fig 3A-B).  However, at d13 pi, CD8α was significantly down-regulated (P <0.05) in 236 
Ranger Classic broilers infected with 2500 oocysts (Fig 3C) but was not differentially expressed 237 
in Ranger Classic broilers infected with 7000 oocysts (Fig 3D) compared to uninfected controls. 238 
No differential expression of CD8α was measured in Ross 308 broilers at d13 pi infected with 239 
either infectious dose (Fig 3C-D).  240 
CD3ζ was initially down-regulated (P < 0.05) in Ranger Classic broilers infected with 2500 or 241 
7000 oocysts at d6 pi (Fig 3A-B) but by d13 pi, CD3ζ was significantly up-regulated (>5 fold) in 242 
the intestines of Ranger Classic broilers infected with either 2500 or 7000 oocysts (P < 0.05) 243 
(Fig 3C-D) compared to uninfected controls. No differential expression of CD3ζ was measured 244 
in Ross 308 broilers on either 6 or 13d pi with either infectious dose (Fig 3A-D). Other 245 
molecules, which form the CD3 complex, were also differentially expressed in Ranger Classic 246 
and Ross 308.  247 
In Ross 308 broilers, CD3δ was not differentially expressed at either 6 or 13d pi with either 248 
infectious dose but in Ranger Classic broilers, CD3δ was significantly up-regulated (P <0.05) at 249 
d13 pi with both 2500 and 7000 (Fig 3C-D) compared to uninfected controls. CD3ε was also up-250 
regulated in Ross 308 (P <0.05) and Ranger Classic (P <0.01) broilers at 13d pi with 2500 and 251 
7000 oocysts (P <0.05) (Fig 3C-D) compared to uninfected controls but in Ranger Classic 252 
broilers CD3ε expression was significantly up-regulated above that measured in Ross 308 (P 253 
<0.01) (Fig 3C-D).  In both broiler genotypes, CD72 (chBr1) was down-regulated at 6d pi with 254 
2500 oocysts (P <0.05) (Fig 3A) compared to uninfected controls but was not differentially 255 
expressed by d13 pi (Fig 3C). However, CD72 was significantly down-regulated (P <0.05) in 256 
both broiler genotypes at 6d pi with 7000 oocysts and in Ranger Classic broilers the down-257 
regulated gene expression was significantly lower (P <0.05) (Fig 3B) but by d13 pi, down-258 
regulation of CD72 was maintained in Ross 308 and was not differentially expressed in Ranger 259 
Classic broilers (Fig 3D) compared to uninfected controls.  260 
CD244 was significantly down-regulated in Ranger Classic at d6 pi with either 2500 (P <0.01) 261 
or 7000 oocysts (P <0.05) (Fig 3A-B) but in Ross 308 CD244 down-regulation only occurred at 262 
d6 pi with 7000 oocysts (Fig 3B) compared to uninfected controls. 263 
3.4 Expression of cytokine genes associated with T cell proliferation are increased in slower 264 
growing (Ranger Classic) broilers infected with E. maxima 265 
Analysis of expression of other CD molecules and cytokines also showed a differential effect of 266 
E. maxima infection according to broiler genotype.  At d6 pi with 2500 oocysts, CD1.1, CD1.2 267 
and CD44 expression was down-regulated and IL-15 expression was upregulated, compared to 268 
uninfected controls, in Ranger Classic but not in Ross 308 (P <0.05). IL-10 and IL-22 were 269 
significantly down-regulated and IFN-γ was significantly upregulated in the intestines of both 270 
Ross 308 and Ranger Classic (P <0.05) in comparison to uninfected controls.  IL-2 was also very 271 
significantly upregulated in both Ross 308 and Ranger classic genotypes (P <0.01) (Fig 4A) 272 
compared to uninfected controls.  At 6 dpi with 7000 oocysts, fewer genes were differentially 273 
expressed and generally at a much lower level than in the intestine of chickens infected with 274 
2500 oocysts.  In this case, CD1.1, CD1 B, IL-10, IL-12 and IL-22 were all significantly down-275 
regulated (P <0.05) in the intestines of both Ranger Classic and Ross 308 broilers (Fig 4B). 276 
CD1.2, CD 44 were down-regulated in Ranger Classic broilers but were not differentially 277 
expressed in Ross 308 but IFN-у and IL-2 were up-regulated in Ross 308 but were not 278 
differentially expressed in Ranger Classic broilers (Fig 4B) compared to uninfected controls. 279 
Differential gene expression of the immune markers we measured was decreased further at d13 280 
pi. In chickens infected with 2500 oocysts, only IL-10, IL-12 and IL-22 were significantly up-281 
regulated in the intestines of Ranger Classic broilers and only IL-22 was significantly up-282 
regulated in Ross 308 at 13d pi compared to uninfected controls. No other immune genes we 283 
analysed were differentially expressed (Fig 4 C).  At d13 pi with 7000 oocysts, IL-22 was the 284 
only differentially expressed gene (up-regulated) in Ranger Classic broilers (P <0.05) (Fig 4D); 285 
while in Ross 308, IFN-у was significantly down-regulated and IL-15 and IL-22 were 286 
significantly up-regulated (P <0.05) (Fig 4D) compared to uninfected controls.   287 
3.5  The effect of genetic background on E. maxima growth 288 
Significantly higher mean E. maxima DNA cross-over point (Cp) values were measured in the 289 
intestines of Ranger Classic and Ross 308 infected with either 2500 or 7000 oocysts at d6 pi 290 
compared to d13 pi (P <0.05) (Fig 5). At d6 pi these values were not significantly different 291 
between Ranger Classic and Ross 308.  However, at d13 pi with 2500 oocysts, a significantly 292 
lower Cp value (corresponding to DNA copy numbers) was measured in Ranger Classic 293 
compared to Ross 308 (P <0.05) (Fig 5). At d13 pi with 7000 oocysts, a lower mean Cp value 294 
were also measured in Ranger Classic compared to Ross 308 but this was not significant (Fig 5). 295 
 296 
4.0 Discussion 297 
     Our study shows that many facets of the immune response to E. maxima infection are reduced 298 
in fast growing (Ross 308) broilers compared to slow growing (Ranger Classic) broilers. 299 
Firstly, we show that up-regulation of PSTG1 (COX-1) and PSTG2 (COX-2) only occurred in 300 
Ranger Classic broilers infected with either 2500 or 7000 oocysts on 13d pi. Eicosanoids, such as 301 
leukotrienes and prostaglandins, play an important role in many facets of the inflammatory 302 
immune response (33) and COX-1 and COX-2 are required for the production of prostaglandins 303 
and thromboxanes (reviewed 34). These findings indicate that only the slow growing, Ranger 304 
Classic, are able to utilise these inflammatory mediators during E. maxima infection.  305 
Supplementation of feed with nimesulide, which specifically inhibits COX-2, has previously 306 
been shown to significantly reduced weight gain in White Rock x Rhode Island cockerels and 307 
this was correlated with increased oocyst shedding (35).  Taking this latter study into account, 308 
our study suggests that Ranger Classic, which produce both COX-1 and COX-2 in response to E. 309 
maxima may be more resistant to infection than Ross 308.  310 
Recently, a study by Sakkas et al., (2018) (36) also reported a difference in pathology (as 311 
assessed by intestinal morphology) in fast growing Ross 308 and slower growing Ranger Classic 312 
broilers following E. maxima infection. In Ross 308, villi length and crypt depth were 313 
significantly decreased following E. maxima infection, compared with slower growing Ranger 314 
Classic broilers, at both d6 and 13 pi and this was not affected by oocyst dose (2500 or 7000).   315 
However, leukotriene C4 (LTC4) and leukotriene C4 synthase (LTC4S) were not differentially 316 
expressed by either Ross 308 or Ranger Classic broilers infected with E. maxima at the time 317 
points we have measured. In both Ross 308 and Ranger Classic broilers infected with E. maxima, 318 
leukotriene A4 hydrolase (LTA4H), which catalyses the production of leukotriene B4 (LTB4) 319 
from leukotriene A4 (LTA4) (37) was not differentially expressed and this corresponded with 320 
significant up-regulation of the LTB4 inhibitor, LTB4 dehydrogense (LTB4DH) (38-39).  LTB4 321 
is a potent leukocyte chemoattractant and mediator of proinflammatory cytokine activity (40-42) 322 
but our results would, therefore, suggest inhibition of LTB4 in both broiler lines infected with E. 323 
maxima. 324 
       Another stark difference in the immune response to E. maxima by fast and slow growing 325 
broilers was highlighted by down-regulation of CD8α and a suppressed CD4 response in the 326 
intestines of Ross 308 compared to Ranger Classic.  In this case, CD8α was significantly down-327 
regulated in the intestine of Ross 308 broilers at 6d pi with both infectious doses and CD4 328 
expression was up-regulated significantly less, at 13d pi, compared to Ranger Classic broilers.  A 329 
study by Hong et al., (2006) (25) reported that E. maxima infection increased both CD8 and CD4 330 
expression at 6-8 days pi and both CD4 and CD8 lymphocytes, which may have occurred via 331 
recognition of antigens such as those encoded by E. maxima surface antigen genes (43) or 332 
Eimeria glyceraldehyde-3-phosphate dehydrogenase (44).  However, the genotype of these 333 
chickens was not reported but the result probably reflects the use of a different genotype to the 334 
one we have used and further highlights the importance of genetic background when 335 
extrapolating data between different studies of Eimeria infection in chickens. In a study by 336 
Swinkels et al., (2007) (45) the immune response to E. acervulina was compared in duodenal 337 
tissue from Ross 308 and slow growing Hubbard JA 957 broilers infected with 5 X 104 oocysts.  338 
In accordance with our study, they show a significant increase in the numbers of CD4+ 339 
lymphocytes at d13 pi in slow growing broilers. However, unlike our study they report no 340 
difference in the number of CD8+ lymphocytes at the same time point. This may reflect the 341 
effect of genomic differences on traits other than growth rate, the different Eimeria species 342 
studied or differences in the infectious doses.   343 
In both lines, expression of CD72 and CD244 were down-regulated at 6d pi and where 344 
differences occurred between the two genotypes, greater down-regulation was observed in 345 
Ranger Classic broilers. CD72 is a B lymphocyte co-receptor which can have positive or 346 
negative effect on B cell receptor signalling (46) and is found mostly on immature B cells in 347 
chickens (47).  At present we cannot say what this means biologically, or if we detected the chB1 348 
or chBr1 homologues as reported by Fujiwara et al., (2006) (47).  In humans, CD244 is a 349 
receptor found on natural killer (NK) cells and subsets of CD8+ (48) but in chickens, CD244 is 350 
expressed in a number of different immune cell types including NK cells, monocytes, B 351 
lymphocytes and some T lymphocyte subsets (49). It is possible that down-regulation of CD244 352 
expression in the intestine of broilers infected with E. maxima may affect killing of infected 353 
epithelial cells by NK and CD8.  However, the function of CD244 in chickens has yet to be 354 
elucidated. 355 
    Expression of the molecular components of the invariant CD3 complex (δ, ε, γ and ζ chains) 356 
are required for down-stream signalling, following ligation of the clonotypic T cell receptor 357 
(TCR) α/β chains with presented antigen (reviewed 50).  However, expression of CD3 molecules 358 
also differed according to broiler line. Although at d6 pi some of these were down-regulated in 359 
both genotypes, at d 13 expression of CD3δ, ε, γ and ζ chains were significantly higher in slow 360 
growing Ranger Classic chickens infected with 2500 or 7000 oocysts; which may indicate a 361 
much greater capacity for T cell function in Ranger Classic.  362 
Cytokine expression was less varied between the two chicken lines, at the same time point or 363 
infectious dose.  IL-10 was down-regulated in both Ross 308 and Ranger Classic at d6 pi with 364 
both infectious doses and IFN-γ was up-regulated at d6 pi with 2500 oocysts. Together, with no 365 
differential expression in IL-4, this would indicate an early proinflammatory (Th1) response.  IL-366 
22 was significantly down-regulated in both lines infected with 2500 or 7000 oocysts on d6 pi 367 
but was significantly up-regulated in both lines infected with 2500 or 7000 oocysts on d13 pi.  368 
IL-22 is involved in tissue repair and maintenance of the intestinal barrier (51) and the IL-22 369 
dynamic we show may reflect tissue damage early in infection and recovery and repair at the 370 
later time point.  Similarly, E. maxima infection induced early down-regulation of CD1 371 
expression in both lines but this was largely resolved at the later time point.  This may indicate 372 
that in both Ross 308 and Ranger Classic presentation of lipid antigens to T lymphocytes is 373 
impaired (reviewed 52). 374 
        However, differential expression of important cytokines involved in T cell proliferation was 375 
detected.  At 6d pi with 2500 oocysts, IL-2 expression was up-regulated by >30 fold in Ross 308 376 
and Ranger Classic but IL-15 was only up-regulated in Ranger Classic broilers.  Furthermore, 377 
up-regulated expression of IL-2 at d13 pi with 2500 oocysts was maintained only in the 378 
intestines of Ranger Classic. Both IL-2 and IL-15 stimulate T lymphocyte growth and inhibit 379 
clonal apoptosis (53-55). This may explain increased up-regulation of CD4+ expression in 380 
Ranger Classic compared to Ross 308.  381 
The overall effect of increased T cell response in Ranger Classic compared with Ross 308 may 382 
be a reduction in parasite load as there was a reduction in E. maxima nucleic acid transcripts 383 
detected in Ranger Classic lines at 13d pi with 7000 oocysts and this was significant with 2500 384 
oocysts.  This finding is in accordance with Blake et al., (2005) (32), who reported a reduction in 385 
E. maxima transcript in resistant compared to susceptible bird lines. They also showed that E. 386 
maxima transcript was still measurable at 20d pi, eleven days after the last oocysts were shed.  387 
Although this finding, and ours at d 13d pi, may be due to halted parasite development or relic 388 
DNA, they still show a reduction in Ranger Classic broilers. 389 
In conclusion, we report that fast growing (308) broilers have an impaired immune response to 390 
E. maxima infection, compared to slower growing Ranger Classic broilers and this may affect 391 
parasite load.   392 
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 543 
Figure Legends 544 
 545 
Figure 1. Cytoscape analysis showing the functional relationship between eicosanoid genes, 546 
there size of expression and the relationship between Eicosanoid precursor genes and other 547 
highly differentiated gene pathways in Ross 308 broilers infected with E. maxima. 548 
Relationship between Eicosanoid genes shown in (A) with the size of node correlating to gene 549 
expression and distance between each node correlating with their functional relationship. (B) The 550 
size of node correlates to gene expression and compares regulation of fatty acid oxidation 551 
(required for eicosanoid metabolism) with non-eicosanoid pathway genes differentially 552 
expressed due to infection. Close association between cellular response to glucocorticoid 553 
stimulus and cellular response to corticosteroid stimulus is shown by the linkage bar. Data was 554 
obtained from 5 microarray analyses comparing gene expression in Ross 308 at d6 pi with 7000 555 
oocysts E. maxima compared to uninfected controls.  556 
 557 
Figure 2. qPCR analysis comparing leukotriene gene expression in Ross 308 and Ranger 558 
Classic broilers infected with E. Maxima. 559 
(A) = d6 pi with 2500 oocysts; (B) = d6 pi with 7000 oocysts; (C) = d13 pi with 2500 oocysts; 560 
(D) = d13 pi with 7000 oocysts, Black bar = gene expression in Ross 308, white bar = gene 561 
expression in Ranger Classic.   Aterisk (*) = significant difference (P <0.05) between infected 562 
and uninfected. Linkage bars show significant difference between gene expression in Ross 308 563 
compared to Ranger Classic.                                                                                                                                         564 
 565 
 566 
Figure 3. qPCR analysis comparing lymphocyte gene expression in Ross 308 and Ranger 567 
Classic broilers infected with E. Maxima. 568 
(A) = d6 pi with 2500 oocysts; (B) = d6 pi with 7000 oocysts; (C) = d13 pi with 2500 oocysts; 569 
(D) = d13 pi with 7000 oocysts, Black bar = gene expression in Ross 308, white bar = gene 570 
expression in Ranger Classic.   Aterisk (*) = significant difference (P <0.05) between infected 571 
and uninfected. Linkage bars show significant difference between gene expression in Ross 308 572 
compared to Ranger Classic.                                                                                                                                         573 
 574 
Figure 4. qPCR analysis comparing lymphocyte gene expression in Ross 308 and Ranger 575 
Classic broilers infected with E. Maxima. 576 
(A) = d6 pi with 2500 oocysts; (B) = d6 pi with 7000 oocysts; (C) = d13 pi with 2500 oocysts; 577 
(D) = d13 pi with 7000 oocysts, Black bar = gene expression in Ross 308, white bar = gene 578 
expression in Ranger Classic.   Aterisk (*) = significant difference (P <0.05) between infected 579 
and uninfected.  580 
 581 
Figure 5. qPCR analysis comparing expression of E. maxima DNA in the intestine of Ross 582 
308 and Ranger Classic broilers at 6 and d13 pi with either 2500 or 7000 oocysts. 583 
Black bar = gene expression in Ross 308, white bar = gene expression in Ranger Classic.   584 
Linkage bars show significant difference at (P <0.05.  Mean cross-over points (threshold values) 585 
were calculated from data obtained from 5 chickens performed in triplicate. 586 
 587 
 588 
Table 1.  Primers and probes used to measure gene expression in broilers infected with E. 589 
maxima. 590 
The primer and probe sequences shown were used to measure 25 immune response genes 591 
following infection of Ross 308 and Ranger Classic broilers. GenBank accession numbers are 592 
also shown.  593 
 594 
Table 2. Microarray analysis showing differential gene expression in Ross 308 broilers 595 
infected with E. maxima. 596 
Microarray analysis of whole genomic changes in Ross 308 broilers d6 pi with 7000 oocysts E. 597 
maxima are shown in (A).  Gene ontology pathways associated with Eicosanoid metabolism are 598 
shown in (B).  Data was obtained from microarray analyses comparing gene expression in 599 
infected Ross 308 with uninfected controls. 600 
 601 
